1. Introduction {#s0005}
===============

The skeleton serves vital functions such as support for movement, organ protection, and as a calcium- and phosphate reservoir ([@bb0065]). Due to modeling and remodeling ([@bb0240]), the structure and mechanical properties of bone change substantially with age ([@bb0200]). For instance, a common problem for senescent individuals is reduced bone mass, bone mineral density (BMD) and increased risk of osteoporotic fractures and mortality ([@bb0140]). Hence, it is important to study how bone changes as a function of age.

The rat is a widely used animal model in studies of bone, and different aspects of how aging affects structural and mechanical properties of rat cortical bone on the organ (whole/significant part of bone, [Fig. 1](#f0005){ref-type="fig"}A) and tissue ([Fig. 1](#f0005){ref-type="fig"}B) level have been studied ([@bb0005], [@bb0025], [@bb0075], [@bb0080], [@bb0115], [@bb0125], [@bb0130], [@bb0135], [@bb0145], [@bb0210], [@bb0265], [@bb0280], [@bb0310], [@bb0315], [@bb0325]). Generally, the body weight ([@bb0075], [@bb0080], [@bb0115], [@bb0125], [@bb0130], [@bb0135], [@bb0145], [@bb0210], [@bb0265]), BMD ([@bb0080], [@bb0115], [@bb0130], [@bb0325]), and load to fracture ([@bb0005], [@bb0025], [@bb0080], [@bb0125], [@bb0145], [@bb0280], [@bb0310], [@bb0325], [@bb0040]) increase with age in the rat. However, discrepencies exist in the literature. For instance, [@bb0325] and [@bb0130] observed a decrease in BMD in male rat femora initiated at the age of 9 months and 18 months, respectively, and [@bb0005] observed a decrease in load to fracture in female rat femora from the age of 12 to 24 months.

It is becoming increasingly clear, that the micro- and nanostructural properties of bone are central in determining the quality ([@bb0100]) and performance of bone on the macroscale ([@bb0095], [@bb0330], [@bb0275]), and studies employing techniques with high spatial resolution of bone are becoming more frequent ([@bb0120], [@bb0160], [@bb0170], [@bb0235]). Hence, studies that correlate structural and mechanical properties of bone over several length scales are needed in order to better understand age-related changes.

Osteocytes orchestrate bone remodeling and act as mechanotransducers, but an increased understanding of how osteocytes and their activities influence the properties of bone at the tissue level is still needed ([@bb0045], [@bb0150], [@bb0225], [@bb0255], [@bb0285]). Considering the large extent of the osteocyte lacunar--canalicular network (LCN) ([@bb0235]), a change in osteocyte lacunar geometry or number could have a significant impact on e.g. the quality and mechanical properties of the whole bone.

The effect of age on osteocyte lacunar characteristics has predominantly been studied in humans and results have been contradictory. Carter et al. reported a decrease in osteocyte lacunar volume (Lc.V) and radii along with a change in lacunar shape, but found no change in osteocyte lacunar orientations or densities with age in women ([@bb0055]). However, other studies found the osteocyte lacunar density (Lc.D) to decrease with age ([@bb0050], [@bb0205]). Busse et al. reported an increased amount of hypermineralized calcium phosphate occlusions in osteocyte lacunae with age ([@bb0050]). This finding combined with the decrease in Lc.D with age was suggested to be a consequence of osteocytic apoptosis, possibly contributing to failure or delayed bone repair in aged bone. In contrast, Mullender et al. did not find an increased occurrence of osteocytic apoptosis with age ([@bb0205]).

Despite the well established nature and widespread use of rat bone as a model for macrostructural bone studies, few studies have examined rat bone at the sub-100 μm scale. Rat cortical bone is not subjected to Haversian remodeling under normal conditions ([@bb0035], [@bb0070]). Thus, the rat provides an excellent opportunity to study the effect of age on bone properties without the interference of Haversian remodeling. Rat femoral cortical bone consists of a central bone zone surrounded by circumferential lamellar bone on the endosteal and periosteal surfaces ([@bb0080], [@bb0260]). With age, the proportion of the two bone zones changes, with central bone being replaced by lamellar bone through combined periosteal apposition and endosteal resorption ([@bb0260], [@bb0265]). We have previously showed that there are marked differences between central and lamellar bone in rat cortical bone with regard to bone ultrastructure and osteocyte lacunar properties ([@bb0015], [@bb0020]). The degree of bone mineralization has also been reported to differ between the two bone zones ([@bb0250]).

The aim of this study is to link the evolution of bone with age across length scales ranging from the material to the organ level ([Fig. 1](#f0005){ref-type="fig"}) to test whether there is a coupled age-dependence of the osteocyte lacunar geometry or number and e.g. the quality and mechanical properties of the whole bone. We herein investigate the age development of rat cortical bone using multiple complementary techniques including X-ray micro computed tomography (μCT) at two distinct length scales and biomechanical testing. At the organ level ([Fig. 1](#f0005){ref-type="fig"}A) we determine the body weight, femoral length, and areal bone mineral density (aBMD). At the tissue level ([Fig. 1](#f0005){ref-type="fig"}B) we determine the mid-diaphyseal load to fracture (*F*~max~), tissue volume (TV), bone volume (BV), marrow volume (MV), and tissue density (ρ~tiss~). At the material level ([Fig. 1](#f0005){ref-type="fig"}C) high resolution synchrotron radiation μCT (SR μCT) data is used to determine different osteocyte lacunar properties as well as the local degree of mineralization, the material density (ρ~mat~). The difference between ρ~mat~ and ρ~tiss~ stems from the length scale over which they are measured: ρ~mat~ will be a measure of the material density excluding osteocyte lacunae and blood vessels while ρ~tiss~ is a value obtained at a larger length scale thus averaging over lacunae and the smallest vessels. To the best of our knowledge, it is the first study to correlate this many parameters covering such a large span in length scales and animal ages.

2. Materials and methods {#s0010}
========================

2.1. Animals and sample preparation {#s0015}
-----------------------------------

Forty-two 13-week-old female Wistar rats were randomized according to weight into 6 groups (*N* = 7). The rats received an injection of saline into the investigated right hind limb at 14 weeks, as the animals were used as control animals in a different study. The animals were weighed weekly. The animals were sacrificed 0, 4, 8, 12, 16, or 28 weeks after study start, i.e. at ages from 14 to 42 weeks. The right femora were dissected free, cleaned, and the length of the femora was measured using a digital caliper. The femora were frozen in Ringer\'s solution at − 20 °C until further used. The experiment complied with the EU Directive 2010/63/EU for animal experiments, and was approved by the Danish Animal Experiments Inspectorate.

2.2. Dual-energy X-ray absorptiometry (DEXA) {#s0020}
--------------------------------------------

The femora were DEXA scanned (Sabre XL, Norland Stratec, Pforzheim, Germany) using a pixel size of 0.5 mm × 0.5 mm. The areal Bone Mineral Density (aBMD) of the entire femora was determined using the scanner software. Quality assurance was performed by scans of the two solid-state phantoms provided with the scanner. The coefficient of variation (CV) of rat femoral aBMD is 2.8% in our laboratory ([@bb0290]).

2.3. Standard desktop micro computed tomography (μCT) {#s0025}
-----------------------------------------------------

The mid-diaphysis of the femora was investigated with standard desktop μCT (Scanco CT 35, Scanco Medical AG, Brüttisellen, Switzerland). Data was acquired with an X-ray tube operated at 70 kVp, an X-ray current of 114 μA, and a voxel size of 12 × 12 × 12 μm^3^. 500 projections/180° were measured with an integration time of 300 ms. The resulting images were low-pass filtered using a Gaussian filter (σ = 0.8, support = 1) and binarized with a fixed threshold filter (598.9 mg HA/cm^3^). Selected cortical bone properties were calculated using IPL (version 5.11, Scanco Medical AG, Brüttisellen, Switzerland).

2.4. Mechanical testing {#s0030}
-----------------------

The femora were subjected to three-point bending test using a materials-testing machine (5566, Instron, High Wycombe, UK) at a deflection rate of 2 mm/min. The load deflection data were measured and recorded with Merlin (version 3.21, Instron, High Wycombe, UK), and load to fracture (*F*~max~) was determined using custom software written in C.

2.5. Synchrotron radiation micro computed tomography (SR μCT) {#s0035}
-------------------------------------------------------------

After the three-point bending test, the proximal halves of the femora were cut with a diamond blade saw (Accutom-5, cut off wheel M1D08, Struers, Ballerup, DK) into rods from the anterior-medial quadrants only to ensure that possible quadrant to quadrant variations would not affect the data. Samples matching the circular field of view (832 μm) of the SR μCT setup were made by sawing rods with a maximum rectangular base of 0.58 × 0.58 mm^2^. In the *z*-direction, i.e. along the bone long axis, the samples were kept as long as possible, typically a little less than half the femur length.

SR μCT data was acquired at the beamline for TOmographic Microscopy and Coherent rAdiology experimenTs (TOMCAT) at the Swiss Light Source (SLS, Paul Scherrer Institute, Villigen, Switzerland) ([@bb0270]). Each sample was waxed onto a sample holder with the long axis aligned along the rotation axis. Three contiguous 702-μm-high scans, starting at the mid-diaphyseal fracture site were measured for all rods with an X-ray energy of 18.0 keV and a voxel size of 0.325 × 0.325 × 0.325 μm^3^. 1500/180° projections were measured with an exposure time of 200--210 ms. A 5.5 megapixel CMOS camera (pco.edge 5.5, PCO AG, Kelheim, Germany) coupled to an Optique Peter microscope system with a × 20 lens was used to detect the visible light converted with a 20-μm-thick LAG:Ce scintillator. The experiments were performed with the smallest possible distance between sample and detector, hence close to pure absorption contrast was measured. The image reconstructions were made using the GridRec algorithm with a Parzen filter ([@bb0175]).

2.6. SR μCT image post processing {#s0040}
---------------------------------

The SR μCT data sets were analyzed with the Fiji plugin BoneJ ([@bb0230]). The image resolution is affected by the precision of the focus. This was found only to be optimal for a subset of the data. For each image stack, the images corresponding to optimal focus conditions, and hence highest resolution, were selected and these data were used for further data analysis. Each image stack of reconstructions was binarized using the Optimize Threshold function. Osteocyte lacunar volume (Lc.V) and best fit ellipsoidal axes were calculated using the Particle Analyzer functionality of Fiji. Volumes below 50 μm^3^ were excluded in order to remove noise and canaliculi (which are not fully resolved at the current resolution) from the analysis, and in order to remove blood vessels, volumes above 1500 μm^3^ were excluded. In addition, osteocyte lacunae touching the sample surface were excluded from the analysis.

The osteocyte lacunar data were further analyzed using custom written MATLAB code (R2014b, MathWorks, Natick, MA). For each sample, data from the three image stacks were combined. The osteocyte lacunar density (Lc.D), orientation (Lc.Or), and shape were calculated. Lc.D was evaluated as the number of osteocyte lacunae per mm^3^ volume of sample. Lc.Or was characterized relative to the *z*-axis (the bone long axis) and relative to the *x*-axis for the in-plane orientation. This was obtained as the angle between the longest best fit ellipsoidal axis and the *z*-axis and the angle between the *x*-axis and the projection of the longest best fit ellipsoid on the *xy*-plane, respectively ([@bb0020]). This provided a set of angles from which the average angle and the angle distribution were calculated; the latter by computing a histogram. The distribution was characterized by its entropy that was calculated as described by [@bb0020] using the formula *S* = ∑~*i* = 1~^*N*^*p*~*i*~ ln *p*~*i*~, with *p~i~* being the value of the frequency in the distribution that was sampled in *N* bins ([@bb0220]). The entropy is small for a peaked distribution and large for a flat one and is dependent on sampling density. The in-plane orientation is only discussed through the entropy because the sample absolute in-plane orientation was not determined. The osteocyte lacunar shape was described by lacunar stretch ($Lc.{St} = \frac{r_{3} - r_{1}}{r_{3}}$) and lacunar oblateness ($Lc.Ob = 2 \cdot \frac{r_{2} - r_{1}}{r_{3} - r_{1}} - \ 1$) ([@bb0170]), using the best fit ellipsoidal radii (*r*~1~ \< *r*~2~ \< *r*~3~). Histograms of the above mentioned properties were all normalized according to the total number of lacunae in the respective animal, and age-averaged histograms were then computed from these individual histograms. The bin size was adapted to each individual property.

The bone material density (ρ~mat~) of the samples was evaluated based on the original reconstruction images using custom written MATLAB code. For each femur, a gray level histogram was constructed from 200 images selected from each image stack comprising 600 images per femur. The gray level corresponding to the bone mineral peak was extracted and the average values analyzed as a function of age. Since data were measured in almost pure absorption contrast mode, the gray levels of the images are measures of the mineral density. We report as gray levels herein since this work focuses on relative age-related changes.

2.7. Statistical analysis {#s0045}
-------------------------

Statistical comparisons were made using ANOVA and the Tukey--Kramer method with normality assured by the Lilliefors test. Differences were considered significant at *p* \< 0.05. The statistical analysis of osteocyte lacunar properties were implemented in MATLAB (R2014b, MathWorks, Natick, MA), while the analysis of all other properties was done in Origin (version 8.0, OriginLab, Northampton, MA). Values are, unless specified otherwise, reported as mean ± SD, were SD is the standard deviation. Pearson correlation coefficients were also evaluated using custom software written in C providing a measure of the linear correlation between all properties ([@bb0215]).

3. Results {#s0050}
==========

The age-related changes of selected organ and tissue level properties are reported in [Fig. 2](#f0010){ref-type="fig"}. [Fig. 2](#f0010){ref-type="fig"}A--D reveals that the average body weight, femoral length, aBMD, and diaphyseal *F*~max~ increase significantly with increasing age. As the rats mature the growth levels off. The μCT data are presented in [Fig. 2](#f0010){ref-type="fig"}E--H. The average tissue volume (TV), bone volume (BV), and tissue density (ρ~tiss~) show a similar increase with age. Statistical comparisons (ANOVA) reveal a significant difference between the age groups for the average body weight (*p* \< 0.001), femoral length (*p* \< 0.001), aBMD (*p* \< 0.001), *F*~max~ (*p* \< 0.001), TV (*p* \< 0.001), BV (*p* \< 0.001), and ρ~tiss~ (*p* \< 0.001). Use of the Tukey--Kramer method confirmed that the properties increased continually with age. No trend is apparent for the average marrow volume (MV) with age ([Fig. 2](#f0010){ref-type="fig"}G), and no significant differences are detected.

Osteocyte lacunar properties obtained from synchrotron radiation μCT are presented in [Fig. 3](#f0015){ref-type="fig"}. The left hand column ([Fig. 3](#f0015){ref-type="fig"}A, C, E, G) reports average distributions of relevant quantities obtained by averaging the histograms from each individual animal. The right hand column displays the age dependence of the average values ([Fig. 3](#f0015){ref-type="fig"}B, D, F, H). The Lc.V distributions and their averages, \< Lc.V \>, are presented as a function of age in [Fig. 3](#f0015){ref-type="fig"}A and B. The different age-groups do not differ significantly from each other. The global average value of \< Lc.V \> taken over all individuals and age groups is 273 ± 29 μm^3^. The ellipsoidal radii exhibit log-normal distributions ([Fig. 3](#f0015){ref-type="fig"}C) with well-defined ranges of the shortest (*r*~1~) to the longest (*r*~3~) radius. The average radii for the different age-groups do not differ from each other ([Fig. 3](#f0015){ref-type="fig"}D). Dimensions of \< *r*~1~\> = 2.0 ± 0.1 μm, \< *r*~2~\> = 4.8 ± 0.6 μm, and \< *r*~3~\> = 9.2 ± 0.9 μm are obtained when averaging over all individuals and age groups. The distribution of *r*~3~ appears wider ([Fig. 3](#f0015){ref-type="fig"}C), but evaluation of the relative average width (full width half maximum/average radius) reveal that the relative spread of the shortest axis is in fact the largest (*p* \< 0.05). The Lc.St distribution and average as a function of age is shown in [Fig. 3](#f0015){ref-type="fig"}E and F, and the age-groups again do not differ from each other. The Lc.Ob distribution ([Fig. 3](#f0015){ref-type="fig"}G) and average ([Fig. 3](#f0015){ref-type="fig"}H) reveal no significant differences between the age-groups. The global averages over all individuals and age groups are \< Lc.St \> = 0.77 ± 0.03 and \< Lc.Ob \> = − 0.24 ± 0.07, respectively.

The orientation of the long lacunar axis is presented in [Fig. 4](#f0020){ref-type="fig"}. The orientation with respect to the bone long axis is presented as a function of age with distributions ([Fig. 4](#f0020){ref-type="fig"}A), average values ([Fig. 4](#f0020){ref-type="fig"}B) and average entropy of the distributions ([Fig. 4](#f0020){ref-type="fig"}C), revealing no differences between age groups. Averaging over all individuals and age groups gives \< Lc.Or(z)\> = 27 ± 4° and \< S(Lc.Or(z))\> = 3.7 ± 0.1. The orientation in the *xy*-plane is presented as the average entropy of the distributions, [Fig. 4](#f0020){ref-type="fig"}D. No differences are observed between age groups, and an average over all age groups of \< S(Lc.Or(xy))\> = 4.6 ± 0.1 is obtained. Note the larger standard deviation for the orientation in the *xy*-plane in the 30 and 42 weeks age groups. In each of these groups, a single outlier was detected. Closer investigation of the corresponding reconstructions revealed a high amount of lamellar bone in these scans compared to the other samples.

The distributions are normalized according to the total number of lacunae in the respective age group. The distributions are color coded according to age, with increasing gray level values with increasing age.

The average Lc.D and mineral density are shown in [Fig. 5](#f0025){ref-type="fig"} as a function of age. The Lc.D of the 30-week-old rats differs significantly from the 14- and 22-week-old rats (*p* \< 0.05) ([Fig. 5](#f0025){ref-type="fig"}A) but no other significant differences could be detected. The average material density (ρ~mat~) reported in gray level ([Fig. 5](#f0025){ref-type="fig"}B) increases continually with age (*p* \< 0.05).

Pearson correlation coefficients with *p*-values below the significance level of 0.05 are displayed in [Table 1](#t0005){ref-type="table"} for the organ and tissue level properties and selected osteocyte lacunar characteristics. In agreement with the results presented in [Fig. 2](#f0010){ref-type="fig"}, [Fig. 3](#f0015){ref-type="fig"}, [Fig. 4](#f0020){ref-type="fig"}, strong positive correlations are generally found between age and the organ and tissue level properties, while age is not correlated to the osteocyte lacunar characteristics. A negative correlation exists between age and the Lc.D (*r* = − 0.41, *p* \< 0.01) and a strong positive correlation is found between age and the ρ~mat~ (*r* = 0.80, *p* \< 0.01) as was also observed in [Fig. 5](#f0025){ref-type="fig"}.B. The body weight and age are highly correlated (*r* = 0.81, *p* \< 0.01), and the correlations of all other properties to the body weight and age, respectively, are similar. In general, high positive correlations are observed among all organ and tissue level properties with the exception of MV that is not correlated to body weight, aBMD or ρ~tiss~, and only slightly correlated to age (*r* = 0.15, *p* \< 0.05) and femoral length (*r* = 0.34, *p* \< 0.05).

4. Discussion {#s0055}
=============

In the present study we found that the structural and mechanical parameters on the organ and tissue level of rat cortical bone depend on animal age, with the exception of MV. The average body weight, femoral length, aBMD, *F*~max~, TV, BV, and ρ~tiss~ increase rapidly with age in the beginning of the experiment (i.e. for younger rats), while the growth rate appears to decrease at the end of the experiment (i.e. at the age of 30--42 weeks). This indicates that the rats have not completed their rapid growth period before this stage, in agreement with previous findings ([@bb0080], [@bb0115], [@bb0125], [@bb0135], [@bb0145], [@bb0210], [@bb0265], [@bb0280], [@bb0315]), except a few studies showing a constant BV from three months and onwards in tibia from female Sprague--Dawley rats ([@bb0135], [@bb0315]). In general, growth plates in rat long bones remain open throughout most of the rat\'s lifespan ([@bb0265], [@bb0315]). However, it is widely accepted that rats are sexually mature already after six weeks implicating that e.g. hormone levels, which affect the activity of bone cells are stable from here on ([@bb0245]). Overall, it is important to take both sexual maturity and state of growth into consideration when studying bone, and equally important when making comparisons between studies.

Pearson correlation analysis showed strong positive correlation between many parameters on the organ and tissue level. As expected, age and body weight were strongly correlated. Indeed, previous studies have even used the weight of wild animals as an estimate of their age ([@bb0085]). Correspondingly, it is not surprising that the organ and tissue level properties are correlated to the age and average body weight to a similar degree. Strong correlations are observed between the average BV, aBMD, and *F*~max~ at the femoral mid-diaphysis, in agreement with previous results implicating higher strength in larger, more highly mineralized bone ([@bb0105], [@bb0195], [@bb0320]). However, BV and *F*~max~ exhibit lower correlation coefficients to the average ρ~tiss~ and ρ~mat~ than to the aBMD. Whereas ρ~tiss~ and ρ~mat~ are local measures of the mineral density at the tissue and material length scales, respectively, aBMD is an average value of the entire femur including void space and suffering from reporting an areal density rather than a volumetric density ([@bb0155]).

Since osteocytes orchestrate bone remodeling and act as mechanotransducers, one could be prone to hypothesize that changes on the organ and tissue level would be accompanied by or preceded by changes in the LCN. However, our high resolution studies of osteocyte lacunar geometries revealed no significant changes in Lc.V, ellipsoidal radii, Lc.St, Lc.Ob, or Lc.Or with animal age, despite the changes observed on the organ and tissue level. The same is seen in the Pearson correlation analysis, where the only geometric property that shows a small but significant correlation to age is S(Lc.Or(z)).

Previous reports on age-related changes of osteocyte lacunar volumes and ellipsoidal radii have been contradictory. A significant decrease in Lc.V as a result of decreasing radii with age was reported in female human femora ([@bb0055]), while no differences were found for Lc.V or lacunar length in tibia of female Sprague--Dawley rats ([@bb0135]). Mineral occlusions in osteocyte lacunae and the ability of osteocytes to form mineral, has previously been suggested to explain reduced osteocyte lacunar size with age ([@bb0055], [@bb0050], [@bb0110]). Bone formation by osteocytes was observed in femoral diaphysis of male Sprague--Dawley rats aged 31--48 days using labeling with tetracycline ([@bb0030]).

In the present study, we employed very high resolution (0.325 × 0.325 × 0.325 μm^3^ voxel size) and measured no less than 7.4∙10^5^ osteocyte lacunae. However, these high quality data did not reveal any changes in Lc.V, despite the significant changes in aBMD, ρ~tiss~, and ρ~mat~ with age in rats. Hence, removal and/or deposition of mineral by osteocytes with age, does not occur to such an extent that it is detectable as changes in Lc.V or radii in the present setup.

The shape of the osteocyte lacunae was investigated from best fit ellipsoids in agreement with generally accepted practice ([@bb0170], [@bb0060], [@bb0090], [@bb0180], [@bb0185], [@bb0190]). The shape of the osteocyte lacunae is likely important for strain concentration and mechanosensing properties of the osteocytes ([@bb0185], [@bb0190], [@bb0300]). To the best of our knowledge, the present study is the first to investigate osteocyte lacunar shape as a function of age in rats. No significant changes were found in Lc.St or Lc.Ob with age, indicating that the changes observed on the organ and tissue level occurred independently of lacunar shape. Similarly, McCreadie et al. found no differences in lacunar size and shape between healthy and osteoporotic women ([@bb0190]). On the other hand, Van Hove et al. did find significant differences in lacunar shape between human tibial bone of differing bone mineral density, with more round osteocytes in osteopenic bone compared to osteoarthritic and osteopetrotic bone ([@bb0295]). A change in lacunar morphology with age was reported in femora of women, with more flat and less equant lacunae in younger women, with equancy defined as *r*~1~/*r*~3~ ([@bb0055]). It should be noted that both osteocyte lacunar shape and osteocyte shape are likely to influence the bone cell mechanosensation ([@bb0300]). In vitro studies of MLO-Y4 osteocytes show that round osteocytes are more mechanosensitive than flat osteocytes ([@bb0010]). Interestingly, we see a significant positive correlation between Lc.St and Lc.V indicating that larger osteocyte lacunae are more elongated than smaller ones.

Lc.Or did not change with age in agreement with previous reports in humans ([@bb0055]) and Sprague--Dawley rats ([@bb0135]). Femora from older rats are expected to contain a higher proportion of lamellar bone than younger rats ([@bb0260]), and previous results showed that the entropy of the Lc.Or distribution in the *xy*-plane is lower in lamellar bone compared to central bone ([@bb0020]). A single outlier containing a high amount of lamellar bone was detected in each of the 30 and 42 weeks age groups. The lower entropy of Lc.Or in the *xy*-plane in these outliers explains the relatively large standard deviation in these groups. Additionally, a negative correlation was found between the entropy of Lc.Or in the *xy*-plane and TV, supporting the fact that lamellar bone is deposited on the periosteal surfaces with age ([@bb0260]). An increasing amount of lamellar bone with age is further supported by the negative correlation between age and Lc.D, since Lc.D is lower in lamellar bone compared to central bone ([@bb0020]). However, the present study did not reveal a clear significantly decreasing trend in Lc.D with age as expected from a higher proportion of lamellar bone. Nevertheless, significant differences in Lc.D between the 30-week-old rats and the 14- and 22-week-old rats were found. [@bb0135] reported no significant change in Lc.D with age in tibia of female Sprague--Dawley rats, but their data did reveal a trend of decreasing Lc.D. In humans, a decreasing Lc.D with age has been reported in either a non-significant ([@bb0055], [@bb0305]) or a significant manner ([@bb0050], [@bb0205]). Ma et al. found a positive correlation between osteocyte density and maximum load in vertebrae of female Sprague--Dawley rats ([@bb0165]), while a slight negative correlation was found in the present work. However, the difference in site and rat strain between these two studies should be noted. Additionally, it should be stressed that the effect of aging is different when comparing rat and human bone. Where the mineral density and size of bone increase with age in rats, it is the opposite in human bone.

The Pearson correlation analysis shows that generally, the osteocyte lacunar characteristics do not correlate to age or to the organ and tissue level properties. Consequently, the present study show no indications that changes with age on the organ and tissue level are accompanied by or preceded by changes in osteocyte lacunar geometries. However, it cannot be excluded that changes with age occur on the canalicular and pericanalicular level that would be below the detection limit of the present study.

In conclusion, the macrostructure can be altered without changing osteocyte lacunar geometries in rat cortical bone. This indicates that bone microstructure and bone matrix material properties and not the geometric properties of the osteocyte lacunae determine the properties of the bone on larger length scales.
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![Length scales investigated in this study range from A the whole bone (blue box) to B the tissue level (red box) and C the material level (yellow box). All images are renderings of μCT data, the whole bone and tissue level from desktop μCT and the material level from synchrotron μCT. In the latter, the internal void space is shown with blood vessel canals in red and osteocyte lacunae in yellow. In the blue box, red and yellow boxes indicate the measured volumes at the tissue and material level, respectively.](gr1){#f0005}

![Age development of the average A body weight, B femoral length, C aBMD as measured by DEXA, D mid-diaphyseal load to fracture (*F*~max~), E mid-diaphyseal tissue volume (TV), F mid-diaphyseal bone volume (BV), G mid-diaphyseal marrow volume (MV), and H mid-diaphyseal tissue density (**ρ**~tiss~). Note that the second axes do not originate in zero.](gr2){#f0010}

![SR μCT data showing A the lacunar volume (Lc.V) distribution, B the average Lc.V as a function of age, C the best fit ellipsoidal radii distribution, D the average ellipsoidal radii as a function of age, E the lacunar stretch (Lc.St) distribution, F the average Lc.St as a function of age, G the osteocyte lacunar oblateness (Lc.Ob) distribution, and H the average Lc.Ob as a function of age. All distributions are normalized according to the total number of osteocyte lacunae in the respective age group. The distributions are gray scale coded according to age, with increasing gray level values with increasing age.](gr3){#f0015}

![SR μCT data showing lacunar orientation (Lc.Or) as a function of age. The Lc.Or with respect to the bone long axis (*z*-axis) is presented as A the distribution, B the average, and C the average entropy of the distribution. The Lc.Or in the *xy*-plane is presented in D as the average entropy of the distribution.](gr4){#f0020}

![SR-μCT data showing A the average lacunar density (Lc.D) as a function of age, and B the average material density (**ρ**~mat~) obtained as the gray level values as a function of age.](gr5){#f0025}

###### 

Pearson correlation coefficients for organ and tissue level properties and selected osteocyte lacunar characteristics. Coefficients with a *p*-value above the significance level of 0.05 are not shown. Coefficients with *p* \< 0.01 are marked in bold.

                Body weight   Fem. length   aBMD       F~max~     TV         BV         MV         ρ~tiss~    ρ~mat~     Lc.D         Lc.V   Lc.St      Lc.Ob        S(Lc.Or(z))   S(Lc.Or(xy))
  ------------- ------------- ------------- ---------- ---------- ---------- ---------- ---------- ---------- ---------- ------------ ------ ---------- ------------ ------------- --------------
  Age           **0.81**      **0.71**      **0.75**   **0.75**   **0.62**   **0.77**   0.15       **0.62**   **0.80**   **− 0.41**                                  0.39          
  Body weight                 **0.82**      **0.80**   **0.75**   **0.67**   **0.77**              **0.46**   **0.62**   **−**0.34                                                 
  Fem. length                               **0.74**   **0.73**   **0.67**   **0.71**   0.34       **0.53**   **0.63**   **− 0.40**                                                
  aBMD                                                 **0.84**   **0.75**   **0.89**              **0.45**   **0.55**   **−**0.37                                                 
  F~max~                                                          **0.87**   **0.92**   **0.46**   **0.46**   **0.61**   **− 0.42**                                                
  TV                                                                         **0.91**   **0.76**              **0.42**   **− 0.41**                     0.32                       **−**0.31
  BV                                                                                    **0.42**   **0.45**   **0.56**   **−0.41**                                                 
  MV                                                                                                                                                                               
  ρ~tiss~                                                                                                     **0.72**                                                             
  ρ~mat~                                                                                                                 **− 0.48**          **0.43**   0.38         0.38          **− 0.42**
  Lc.D                                                                                                                                                  **− 0.62**   **− 0.54**    **0.70**
  Lc.V                                                                                                                                       **0.74**                              
  Lc.St                                                                                                                                                 0.37                       
  Lc.Ob                                                                                                                                                              **0.60**      **− 0.81**
  S(Lc.Or(z))                                                                                                                                                                      **− 0.64**

The three measures of mineralization density, aBMD, ρ~tiss~, and ρ~mat~ are all inter-correlated with *r* lying in the range of 0.45--0.72 (*p* \< 0.01). The ρ~mat~ is somewhat correlated to the osteocyte lacunar characteristics (0.43 \< \|*r*\| \< 0.48) with the exception of Lc.V, while aBMD and ρ~tiss~ are not. Lc.V only correlates to Lc.St (*r* = 0.74, *p* \< 0.01). Lc.St. also correlates positively to S(Lc.Or(z)) (*r* = 0.60, *p* \< 0.01) and negatively to S(Lc.Or(xy)) (*r* = − 0.81, *p* \< 0.01). Moreover, S(Lc.Or(xy)) exhibit a positive correlation to Lc.D (*r* = 0.70, *p* \< 0.01), negative correlations to Lc.Ob (*r* = **−**0.81, *p* \< 0.01) and S(Lc.Or(z)) (*r* = **−**0.64, *p* \< 0.01), and a low negative correlation to TV (*r* = **−**0.31, *p* \< 0.05).

[^1]: These authors contributed equally to the present work.
